Lutzomyia longipalpis, the main sandfly vector for New World visceral leishmaniasis is a complex of an as yet undefined number of sibling species. At present, there is no consensus on the status (single species vs. species complex) of Brazilian populations. We applied five microsatellite loci to test the hypothesis that L. longipalpis occurs as two sympatric cryptic species in Sobral, Ceará State, Brazil as predicted by male sex pheromone chemotypes described previously for field specimens from this site [S-9-methyl-germacrene-B ( The allele frequency distribution at each of the five microsatellite loci was similar for males and females from the two collection years. Two of these loci showed highly divergent allele frequencies in the two sex pheromone populations. This was reflected in the highly significant genetic differentiation obtained from the male genotypes, between populations producing different pheromones (θ θ θ θ = = = = 0.229 -0.268; P < 0.0001 for the 2001 and θ θ θ θ = = = = 0.254 -0.558; P < 0.0001 for the 1999 collections, respectively). Similar results were obtained when the females, assigned to a pheromone type, were included in the analysis. Both a Bayesian analysis of the data set and a population assignment test provided strong evidence for two distinct populations corresponding to pheromone type. Given its genotype, the probability of assigning a 9MGB male to the original 9MGB population was 100% once the two years' collections were pooled. For cembrene-producing '2 spot' males this probability although still high, was lower than for 9MGB males, at 86%. This microsatellite data together with previously reported reproductive isolation between the two Sobral populations confirm that premating barriers are important in speciation of L. longipalpis.
Introduction
The sandfly Lutzomyia longipalpis (Lutz & Neiva) (Diptera: Psychodidae: Phlebotominae) is the principal vector of Leishmania infantum/chagasi, the causative agent for visceral leishmaniasis in Latin America. Although leishmaniasis is generally a zoonosis, there is an increasing shift towards peridomestic and domestic transmission (60% urbanization), an increase in the force of infection and an association with HIV co-infection, both in Brazil and elsewhere (Cunha et al. 1995; P. Desjeux pers. commun.) . With more than 600 000 cases of visceral leishmaniasis, a potentially fatal form of this disease, reported annually, mostly in Sudan, Bangladesh, India, Nepal and Brazil (World Health Organization 2002) there has been considerable interest in developing vectorspecific control measures. As part of this attempt to control the spread of leishmaniasis, the taxonomy of L. longipalpis has received considerable study. Significant variation in morphology (Mangabeira 1969; Dujardin et al. 1997) , isoenzymes (Lanzaro et al. 1993) , cytogenetic characters (Yin et al. 1999) and mitochondrial DNA (Uribe Soto et al. 2001; Arrivillaga et al. 2002) has led to suggestions that L. longipalpis is a complex of sibling species (reviewed by Uribe 1999) . Despite the many studies on this taxon, however, the first officially recognized sibling species, L. pseudolongipalpis (Arrivillaga & Feliciangeli 2001) from La Rinconada, Lara State, Venezuela, was described only recently, mainly using differences in cibarial teeth shape (Arrivillaga & Feliciangeli 2001) . At present, therefore, morphological and genetic characters have failed to provide a satisfactory resolution to the taxonomic problems of the L. longipalpis taxon.
Considerable uncertainty remains about the taxonomic status of L. longipalpis populations within Brazil. Mangabeira (1969) reported the existence of one-or two-spot phenotypes in male L. longipalpis, where the spots represent pairs of pale patches on the abdominal tergites; in L. longipalpis the spots are associated with pheromonedisseminating structures (Ward et al. 1991) . Ward et al. (1983 Ward et al. ( , 1988 showed that populations of males with different spot morphology but similar pheromones could interbreed and produce fertile progeny, and the taxonomic role for this morphological feature thus became redundant. Their studies also showed that cross-mating between populations with different male pheromones was unsuccessful due to lack of sperm transfer during copulation. Subsequent research has identified three distinct pheromones in male L. longipalpis from Central and South America. In most areas, male sandflies produce (S)-9-methylgermacrene-B (9MGB), a methylsesquiterpene (M r 218; C 16 ; Hamilton et al. 1996a Hamilton et al. , 1999a , whereas four populations (two from Central Venezuela and two from Eastern Brazil) produce 3-methyl-α-himachalene (M r 218; C 16 ; Hamilton et al. 1996b Hamilton et al. , 1999b . Three populations from northeast Brazil produce a cembrene diterpene (M r 272; C 20 ), the precise structure of which remains to be elucidated (JGC Hamilton unpublished) . In addition, courtship and male copulation songs were also strikingly distinct between populations in which the males have different pheromone chemotypes (Ward et al. 1988; Souza et al. 2002) ; these populationspecific differences in copulatory songs mirrored variation within the period gene (Bauzer et al. 2002a) . The per product is involved in controlling male song rhythms and is considered a 'speciation' gene in Drosophila (Coyne & Orr 1998) . The combination of cross-mating studies, male sex pheromones, male courtship/copulation songs and per gene research strongly suggests that nongeographical prezygotic reproductive barriers are an important feature of speciation within the L. longipalpis species complex from Brazil. These data contrast with isoenzyme and more recent mitochondrial DNA (mtDNA) analysis of Brazilian populations, which are consistent with the existence of a single species with high genetic heterogeneity (Mukhopadhyay et al. 1998; Mutebi et al. 1999; Azevedo et al. 2000; Arrivillaga et al. 2002) .
Elucidation of the taxomonic status of L. longipalpis throughout Brazil has been further complicated by a number of factors. First, a mixture of wild-caught and laboratory-established populations have frequently been used in a single study (e.g. Uribe Soto et al. 2001) . Colonyreared L. longipalpis populations usually, although not always, exhibit less heterozygosity than their field population of origin and also may display extreme alleles indicative of bottlenecks and founder effects (Mukhopadhyay et al. 1997; Lanzaro et al. 1998) . Second, the populations examined in the different studies have not been the same (e.g. Lanzaro et al. 1993; Ward et al. 1988) . Finally, almost all of the studies sampled allopatric populations as very few sympatric populations have been described. Despite these problems there remains strong evidence for reproductive isolation in sympatric L. longipalpis populations at two locations. First, Lampo et al. (1999) demonstrated the existence of two cryptic sympatric species at El Paso, Lara State, Venezuela by a lack of heterozygotes at two diagnostic isozyme loci. The second sympatric location is Sobral, Ceará State, Brazil where Bauzer et al. (2002b) described population-specific polymorphisms in the period gene characteristic of two genetically differentiated populations. Males from the two Sobral populations produced very different copulation songs (Souza & Peixoto unpublished) . Recently, polymorphisms in the IVS6 region of the cacophony gene, another 'love song' gene also indicated that there are two genetically different populations at Sobral (Bottecchia et al. 2002) .
The objective of our study was to resolve the disagreement between isoenzyme-based population studies and genetic analyses of a speciation gene. We set out to characterize the genetic differentiation between two putative sibling species of L. longipalpis that coexist at Sobral, Ceará State in Brazil. To achieve this, we focused our studies on genetic differences between male sandflies that possessed different pheromones (9MGB and cembrene). For the genetic analysis we chose microsatellite loci as this category of marker is generally free from the effects of selection that may affect isoenzyme analyses. Microsatellites have been isolated from a number of sandfly species although they have not been used in population studies (Day & Ready 1999) . We report genetic differentiation at 5 microsatellite loci in 190 sandflies that were collected on two separate occasions. Results strongly support the existence of two sibling species at this Brazilian site.
Materials and methods

Sandfly populations
Sandflies were collected from five sites on two separate occasions: (i) between 31 October and 4 November 1999 and (ii) between 3 and 7 April 2001 at Sobral (3°41′ south; 40°20′ west), Ceará State, Brazil using CDC light traps. Deane & Deane (1955) noted that there was a peak of abundance of Lutzomyia longipalpis in April. Analogous data for November are not available. Two CDC traps were set at each of the five sites that ranged from peridomestic animal shelters (chicken roosts and pig pens) to intradomiciliary sites. Shelters were < 10 m from houses when they were not themselves part of the houses. Males from both sampling collections produced only one of two distinct pheromones, consisting of either 9MGB or cembrene; hybrid males with a combination of these two pheromones have not been detected at this site ( JGC Hamilton, unpublished) . In Sobral, there is a distinct discontinuity in morphology with male '1 spot' phenotype sandflies releasing the 9MGB pheromone type, whereas those with two clearly visible pairs of 'spots' ('2 spot') produced the cembrene-type pheromone. 'Spot' morphology of the males from these sampling collections was therefore used to infer the sex pheromone chemotypes in male L. longipalpis. The CDC light traps at all five sites contained a mixture of both one-and two-spot phenotypes. It is noteworthy that a relatively small proportion (≈ 4%, N. Souza & A. Peixoto pers. commun.) 
Microsatellite loci and sandfly genotyping
DNA was extracted from individual decapitated sandflies by homogenization in 100 µL lysis buffer (80 mm NaCl, 172 mm sucrose, 130 mm Tris-HCl pH 8.0, 50 mm EDTA, 0.5% w/v SDS) followed by incubation at 65 °C for 30 min and protein precipitation with potassium acetate (see Collins et al. 1987) . DNA was ethanol precipitated and resuspended in 30 µL sterile water. One microlitre of DNA was used for polymerase chain reaction (PCR) in a 10-µL final reaction volume; each PCR contained 75 mm Tris-HCl pH 8.9, 20 mm (NH 4 ) 2 SO 4 , 0.01% v/v Tween-20, 0.2 mm each dNTP, 3.0 mm MgCl 2 , 100 ng each primer and 0.25 µ Taq DNA polymerase (ABgene). LIST6002, LIST6004, LIST6006, LIST6012 and LIST6029 primer pairs flanking five unlinked, dinucleotide (CA) n microsatellite loci were isolated from the genome of a L. longipalpis colony derived from Jacobina, Brazil; PCR cycling conditions using these primers are described by Watts et al. (2001) . For allele visualization, the forward primers flanking the microsatellite loci LIST6002, LIST6004, LIST6006 and LIST6012 were 5′-labelled (Research Genetics) with D2, D4, D4 and D3 fluorescent dyes, respectively. The forward primer flanking LIST6029 was 5′-labelled with IRD700 (MWG Biotech). PCR products from LIST6002, LIST6004, LIST6006 and LIST6012 were pooled along with a 400-bp (D1) size standard (Beckman Coulter) and separated by capillary electrophoresis through a denaturing acrylamide gel on a Ceq2000XL automated sequencer (Beckman Coulter Inc). Alleles were sized and placed into 2 bp bins using ceq2000xl fragment analysis software. Genotypes at the LIST6029 locus were obtained by separating alleles on a 6% denaturing acrylamide gel on a LiCor4200 (MWG Biotech) and sized alongside a microSTEP∼24a ladder (Microzone Ltd).
Data analysis
No specimen had more than one missing genotype in this study, with only 11 of 190 samples having a missing genotype at a locus. Allele frequencies were calculated for each locus separately and the extent of intra-and intersample genetic diversity was estimated using: (i) number of alleles (N a ) per locus; (ii) the observed heterozygosity (H O ); and (iii) expected heterozygosity (H E ); H O and H E were calculated for each locus, both individually for each sample and across all samples, using the program populations Version 1.2.28 (Langella 2002) . Every sample (males and females separately) was then tested (1000 iterations) for deviation from Hardy-Weinberg equilibrium (HWE) across each locus using a modification of the Guo & Thompson (1992) Markov-chain random walk algorithm available in arlequin Version 2.000 (Schneider et al. 2000) . The statistical significance of deviations from Hardy-Weinberg expectations was adjusted by a sequential Bonferroni correction (Rice 1989 ) to maintain a type-I error rate of α = 0.05 within each sample.
Genetic differentiation between the male and female samples was assessed from pairwise estimates of genetic differentiation using both Weir & Cockerham (1984) and Slatkin (1995) estimators of Wright's (1951) F ST (θ and R ST , respectively, here) using arlequin 2.000 (Schneider et al. 2000) . Females were allocated to either pheromone category using the population assignment calculator described below. The significance of the pairwise estimates of genetic differentiation among samples was assessed by 10 000 permutations as described by Schneider et al. (2000) .
We checked for evidence of a bottleneck using bottleneck Version 1.2.02 (Piry et al. 1999) ; this program employs several tests that are based upon the expectation that allelic diversity is reduced faster than heterozygosity in populations that have undergone a recent reduction in effective population size (Cornuet & Luikart 1996) . Because of the limited number of loci used, we evaluated any deviation in gene diversity from that expected under mutation-drift equilibrium using the Wilcoxon sign-rank test (Cornuet & Luikart 1996; Luikart et al. 1998) . Each pheromone and year was analysed separately, with the female genotypes included with their corresponding male pheromone samples (using the assignment test calculator described below).
To describe the genetic structure without making any a priori assumptions about population structure we used the program partition Version 1.1 (Dawson & Belkhir 2001) to identify populations and assign individuals to populations on the basis of their co-dominant genotypes. The underlying population genetic model assumes HWE and linkage equilibrium in the separate source populations, but the number of possible source populations (k) and their allelic composition are treated as unknown parameters. The software performs a Bayesian calculation to infer the partition of the set of sampled individuals and is described in detail by Dawson & Belkhir (2001) . Support for the most probable number of populations is taken from the point values of the posterior probability for each value of k. We also used partition to identify clusters of individuals, whose assignment together is strongly supported, by (i) computing probabilities of co-assignment for all pairs of individuals and then (ii) constructing an unrooted binary tree (which corresponds to using the furtherst neighbour algorithm) of the co-assignment probabilities to construct clusters of individuals which maximize the minimum coassignment probability within clusters Using the clustering algorithm described by Dawson & Belkhir (2001) the height of a node is the probability level associated with the cluster defined by that node; the probability level is equal to the lowest posterior co-assignment probability from among all the subsets of pairs of individuals belonging to the cluster. The terminal nodes are defined with a probability equal to 1.0. The tree therefore provides information about the 'worst' aspect of the cluster of individuals and allows subsets of individuals whose assignment together is well supported by the posterior distribution (Dawson & Belkhir 2001) . We examined both 1999 and 2001 data sets individually as well as the pooled data set. However, because partition cannot process missing data, only those samples with genotypes at all five loci were included. This reduced the sample size to n = 59 (cembrene = 21; 9MGB = 8 and 30 females) for the 1999 collection and n = 114 (cembrene = 52; 9MGB = 35 and 27 females) for the 2001 collection. We initially set our prior distribution to θ (allelic diversity within source population) = 1, u (probability distribution on the number of source populations) = 1 and ran 10 000 observations (with 10 cycles between each iteration) of the Markov chain; the number of possible source populations (k) was set to 2, 3 or 4 for the 1999 and 2001 samples and to 2, 3, 4 or 8 for the pooled sample. Following recommendations by Dawson & Belkhir (2001) the first 1000 observations of the Markov chain were discarded so that only those observations made after the Markov chain had reached a state of equilibrium were used for the analysis.
We examined the 'genetic integrity' of each pheromone type using an assignment test (Paetkau et al. 1995 (Paetkau et al. , 1997 Waser & Strobeck 1998; Waser et al. 2001 ) that assigns individuals to one of several predefined groups in which their multilocus genotypes have the highest probability of occurring. The assignment index is calculated by (i) estimating allele frequencies for each locus; (ii) determining the individual's expected genotype frequency at each locus (i.e. for homozygotes, 2p i q j for heterozygotes); and then (iii) multiplying across loci and obtaining the log of the product. Assignment indices for every individual are calculated for each population separately and individuals are assigned to the population in which their genotype has the highest expected frequency. Using this test we calculated the number of male sandflies that could be correctly assigned to their sample (pheromone type) on the basis of their genotypes at five microsatellite loci. All calculations were made using the population assignment calculator provided by Brzustowski (2002) . To eliminate bias, the genotype of the specimen to be classified was removed from the estimation of sample allele frequencies and also zero allele frequencies adjusted using the zero-avoidance P i 2 statistic described by Titterington et al. (1981) (see Brzustowski 2002 for further details). Population assignment was calculated for all pheromone samples separately and also after pooling sample dates within each pheromone type. We also assigned the female samples, whose corresponding mating male pheromone types are unknown, to the male groups. To better visualize the assignment output we constructed a scatter plot of the assignment indices for pooled pheromone types along with a 45° (equal probability) line.
Finally, we characterized the amount of genetic differentiation between the pheromone types by making pair wise estimates of genetic differentiation between all male samples, i.e. by pheromone and sample date. Genetic differentiation was estimated using both Weir & Cockerham (1984) and Slatkin (1995) estimators of Wright's (1951) F ST (θ and R ST , respectively, here) using arlequin 2.000 (Schneider et al. 2000) . A hierarchical gene diversity analysis was also performed using arlequin to better quantify the amount of genetic differentiation attributable to any temporal changes in allele frequencies relative to that observed between pheromone types. Estimates of genetic differentiation (θ and R ST ) between the cembrene and 9MGB male pheromone types were also made after the samples from different years had been pooled and also after the female genotypes had been assigned to either pheromone group (but still maintaining the temporal separation). The significance of the pairwise estimates of genetic differentiation among samples was assessed by 10 000 permutations as described by Schneider et al. (2000) .
Results
Allele frequencies, genetic diversity and Hardy-Weinberg
The size distribution and frequencies of alleles at all five microsatellite loci for each sample are provided in Fig. 1 . For both the male and female sandfly samples LIST6004 and LIST6006 display a distinct bimodal pattern in the distribution of alleles (Fig. 1) , and it is clear from the data shown in Table 1 that for the male samples this represents a marked statistically different divergence in allele frequency between cembrene-'2 spot' and 9MGB -'1 spot' populations at these two loci. For instance, at MS locus LIST6006, cembrene samples displayed a 242 bp private allele with ≈ 28% rare allele frequency, whereas there were two private 252 bp and 254 bp alleles in 9MGB males with an incidence of rare alleles of < 10%. Approximately half of the female alleles were represented by the 242 bp 'cembrene' private allele and 35% by the two 9MGB private alleles (Fig. 1) .
Genetic differentiation between male and those female samples that had been assigned to the same pheromone type was low and nonsignificant (P > 0.05) for all comparisons (i.e. 1999, 2001 and also the pooled data set) made using R ST ; this pattern of low, nonsignificant genetic differentiation was repeated with F ST , except that genetic differentiation was significant (P < 0.05) between male and females sampled during 1999 (Table 1) . Differences between males and female sandflies with different pheromones were always large and significant (P < 0.05) regardless of which genetic distance measure was used (Table 1) .
Over the whole sample the number of alleles per locus varied from 7 (LIST6029) to 16 (LIST6006). Within each sample, the genetic variation was moderately high with the average number of alleles per locus varying from 4.50 to 7.16, expected heterozygosity between 0.583 and 0.795 and observed heterozygosity between 0.353 and 0.533 (Table 2 ). Heterozygosity and number of alleles varied somewhat between samples, with the smallest samples (1999 males, both chemotypes) showing fewer alleles. Despite this effect of sample size, the size range and distribution of alleles at all loci are generally similar for both male and female sandflies (Fig. 1) . In the global sample, all microsatellite loci significantly (P < 0.05 after sequential Bonferroni correction) fall out of expected Hardy-Weinberg conditions; this was always due to a heterozygote deficit (Table 2 ). All five loci for the male cembrene samples were significantly out of Hardy-Weinberg proportions (P < 0.05 after correction). By contrast only one (LIST6029 in 1999) or two (LIST6006 and LIST6029 in 2001) loci deviated from expected Hardy-Weinberg conditions in the 9MGB samples. Only two loci (LIST6002 and LIST6004) were out of HWE for both female samples. In all cases the deviations from expected Hardy-Weinberg conditions were due to a deficit of heterozygotes (Table 2) .
Using a test to detect evidence of a bottleneck that could account for the above deviations from HWE, none of the samples showed significant excess in heterozygosity (P > 0.05 for all samples) at any microsatellite locus under the assumptions of an infinite allele -or the stepwise mutation-model of mutation-drift equilibrium (1000 iterations).
Population partition
The highest posterior probability in the 1999 data set was always attained at the maximum number of possible source populations (Table 3) . For both the 2001 and pooled data sets, however, the distribution of posterior probabilities always supported the number of source populations to be two, unless the number of possible source populations was initially set to two (Table 3) .
The 1999 data set formed weaker clusters than either the pooled or 2001 data sets, which is expected because of its smaller sample size. The binary unrooted tree of co-assignment probabilities (Fig. 2a) indicates a bipartition, or possibly a tripartition, of the 1999 sample that, for the male samples, separates the pheromone-'spot' types.
This bipartition of the Sobral population is far more pronounced for the 2001 data (Fig. 2b) and pooled data set (data not shown), in which both binary trees clearly partitioned individuals with different pheromone types. No 9MGB individuals were placed within the cembrene cluster, but 2, 7 and 11 cembrene individuals were 'incorrectly' placed within the 9MGB genotypes when the 1999, 2001 and pooled data sets were analysed, respectively. Although there was some variation in the arrangements of individuals in minor clusters, for all data sets the same bipartition tree topology was produced across values of the maximum number of possible source populations with the same individuals being assigned into each of the two major cluster groups displayed in Fig. 2(a,b) , including those (cembrene-'2 spot') sandflies that were misassigned within the 9MGB-'1 spot' cluster. No clustering according to an individual's sex per se (or sample date in the pooled data set) was apparent. The only observable effect of increasing the prior number of possible source populations was to reduce the probability of co-assignment between individuals (data not shown but available from the authors upon request). 2001 based on the probability of co-assignment between individuals. Note that only the pheromone phenotype is indicated. 9MGB specimens were '1 spot' males, whereas cembrene males were '2 spot'. Female samples, whose pheromone-'spot' correlation is unknown, are unlabelled. Arrows indicate misclustered individuals.
Population assignment
When all samples were considered separately then misassignments between years but within a pheromone-'spot' type occurred at a moderately frequent (18 -40%) rate. By contrast, incorrect assignments to the wrong pheromone-'spot' group, of either sample date, occurred at a much lower (< 10%) frequency. It is interesting to note that only two individuals (one of the 2001 and one of the 1999 collections, respectively) accounting for 10% of the 1999 collection of 10 males due to small sample size, were assigned from 9MGB to cembrene, and the majority of incorrect assignments were cembrene individuals being identified as 9MGB (see Table 4 ). Figure 3 shows that when the separate year classes were pooled (within each pheromone type) the cembrene sample forms a distinct cluster away from the equal probability line, whereas, by contrast, the cluster of 9MGB genotypes is closer to the 45° line and contains some cembrene genotypes which are intermediately placed between the two Fig. 2 Continued main clusters. Using the pooled data set all 9MGB sandflies were correctly assigned to their groups, whereas 10 (12% of the sample) cembrene males were misassigned to the 9MGB chemotype (see Fig. 3 ). Only 1 of the 10 misassigned individuals had a missing genotype at a locus (LIST6002 in this case). This suggests that misassignment is due to genetic composition rather than an artefact of missing genotype data. Eight of the ten misassigned samples were homozygous or heterozygous for 252/254 bp 9MGB LIST6006 private alleles. The remaining two misassigned individuals were homozygous for LIST6006 alleles of 262 bp (3.6% incidence in females and 1.6% incidence in cembrene males and undetected in 9MGB males) and of 284 bp (1.6% in cembrene and not detected in 9MGB males or females). Note that when the samples are treated separately (Table 4) , the probability of misassignment increases due to smaller sample sizes.
Finally, we noted that females were assigned to same male pheromone types using both the assignment test and partition (data not shown). partition only included samples genotyped at all five loci, whereas the assignment test contained samples with genotypes at four-five loci resulting in different numbers of 'cembrene' migrants.
Genetic differentiation and gene flow
Although the absolute values of θ and R ST were somewhat different, with R ST generally (but not always) being greater than θ, the pattern of genetic differentiation between the pheromone types was the same regardless of the measure of genetic distance employed. Low, and nonsignificant (P > 0.05), genetic differentiation (varying between 0.005 and 0.043) was observed between sample dates within each chemo or 'spot' type for both 9MGB-'1 spot' and cembrene-'2 spot' samples when Slatkin's (1995) R ST was used. This pattern of genetic differentiation was observed with Weir & Cockerham's (1984) θ (which varied between 0.018 and 0.037) although genetic differentiation between the two cembrene samples was statistically significant (Table 5 ). In contrast to the comparisons made between years but within a particular pheromone type, highly significant (P < 0.0001) genetic differentiation between male Lutzomyia longipalpis with different pheromone types was always present regardless of the genetic distance used (Table 5) ; θ varied between 0.229 and 0.268, whereas R ST varied from 0.254 to 0.558 (Table 5 ). The same pattern of genetic differentiation between years and pheromone types is observed when the female sandflies, assigned to pheromone types, are included in the analysis (Table 5) .
A hierarchical analysis of genetic diversity revealed that the amount of genetic variance attributable to differences between pheromone types was much greater than that observed between years within pheromone-'spot' types (Table 6 ). The ratio of difference was ≈ 8:1 based upon θ, and > 10:1 based upon R ST . 
Discussion
Although it would have been ideal to genotype the same individuals that were 'chemotyped', the lack of sex pheromone intermediates at Sobral justified the equivalence between phenotype (number of spots) and the pheromone in this case. However, pheromone type and 'spot' morphology do not correlate in other locations (i.e. Marajó Island, Brazil, '1 spot' Lutzomyia longipalpis produce cembrene, JGC Hamilton unpublished). The only other known sympatric site with two genetically different L. longipalpis populations is El Paso, Lara State, Venezuela (Lampo et al. 1999) where '1 spot' males produce 9MGB and '2 spot' males produce 3-methyl-α-himachalene ( JGC Hamilton unpublished). Ward et al. (1985) reported seven other Brazilian sympatric sites for '1 spot' and '2 spot' males although their respective pheromones were not available for determination as they were specimens mounted as permanent preparations. The strong deficiency of heterozygotes within the global sample is almost certainly a consequence of population structuring given the evidence (discussed below) for two separate species at this locality. There are several possible reasons for the heterozygote deficiencies within samples.
One common explanation for heterozygote deficits is null alleles and we therefore tested our data set for null alleles using the EM algorithm of Dempster et al. (1977) as implemented by genepop (Raymond & Rousset 1995) . A reanalysis of our data set incorporating null alleles did not significantly change the deviations from HWE (or any other results, e.g. population assignment and genetic differentiation; data not shown but available from the authors upon request), suggesting that other factors are responsible for the observed heterozygote deficiencies. The CDC light traps were set over a distance of 5 km, and as the flight range of L. longipalpis is usually within 500 m, with no sandflies recovered > 1 km from release sites in markrelease-recapture experiments (Morrison et al. 1993) , it is possible that the condition of random mating within the two pheromone samples is not met. However, sandflies with both pheromone types were always found in the same trap at each of the Sobral sampling localities, and, thus the strong genetic differentiation between pheromones cannot be due to a Wahlund effect caused by sampling different spot phenotypes from distinct sites. As expected, genetic differentiation between male and female sandflies within a pheromone type was low and nonsignificant for all comparisons (except for the 1999 samples and Table 6 Hierarchical analysis of genetic diversity in L. longipalpis with five microsatellite loci, using allelic (θ) or size (R ST ) variance. The variance components (V), percentages of variation (%) and probability (P) of the components being equal to zero are shown for male samples only and after the females had been assigned to a pheromone type
Estimator of genetic diversity
Source of variation
Males
Males and females when θ was used). Although the fact that we assigned females to pheromone types based on their genotype makes this argument circular, it is clear that the females derive from two distinct genetic groups, each with similar genetic make-up to the male samples. The significant genetic differentiation seen between sexes during 1999 is probably a consequence of the small size of these samples. Clearly, a more complete understanding the fine-scale population-genetic structure of L. longipalpis at Sobral could resolve whether we sampled a number of populations within each pheromone type. Both partition and the assignment test calculator assume that the samples are (or at least, nearly) in HWE and for the 9MGB samples this was mostly the case. Simulation studies suggest that deviations from random mating have little effect upon population assignment (Waser et al. 2001) , however, this test can be biased when one population has reduced number of alleles, for example, because of small sample size or a recent bottleneck (e.g. see Davies et al. 1999) . We found no evidence of a recent bottleneck, although the few loci examined reduce the power of the test and this possibility needs to be re-assessed with more loci. The two field collections were on clearly different seasons (October 1999 vs. April 2001) with a separation of almost 2 years. The relative density of the different 'spot' phenotypes has been observed to vary during the year (RD Ward & N Souza unpublished). However, there was little temporal genetic differentiation within each pheromone type. This conclusion is drawn from the following observations: (i) the sample date per se having no discernible effect upon the topology of the binary trees, (ii) a low variance component in the hierarchical analysis of genetic diversity, (iii) low values for pairwise genetic differentiation within pheromone types, and (iv) high percentages of misassignment between years within a pheromone type. Although the pairwise value of θ between cembrene samples was significantly greater than zero, the corresponding value of R ST was nonsignificant. The latter estimate of genetic similarity is thought to be more appropriate in the analysis of genetic variation of microsatellite loci (Slatkin 1995) , however, Gaggiotti et al. (1999) found that F ST -based estimates performed better than R ST when sample sizes are limited and the number of loci scored are low. It is likely that the genetic difference in θ detected here reflects the small size of the 1999 sample. Despite this, however, it is notable that consistent results were observed within each year and also when the data set is pooled.
In general, the maximum values among the posterior probabilities for all values of the number of possible source populations (k) indicate that L. longipalpis from Sobral, Ceará State in Brazil is comprised of two distinct groups. The results from the 1999 data set, however, confirm that for small data sets the posterior distribution of the number of source populations is concentrated at the maximum (prior) value. This suggests that it may be better to overestimate the possible number of source populations when sample size and/or number of loci are small (Dawson & Belkhir 2001) . In the larger data sets the posterior distribution of the number of source populations favours the true number of source populations when the prior is set greater than that actual number of source populations. More importantly, irrespective of the data set, the consistent topology of the co-assignment binary trees suggests a distinct bipartition in our sample of L. longipalpis that is clearly based upon pheromone type. Given that we already have good biological evidence for the existence of two populations at our sample locality, this confirms Dawson & Belkhir's (2001) proposal that an analysis of the topology of clustering within a binary tree constructed from coassignment probabilities is a robust method of describing population structure. For both years and with the pooled data set, a few cembrene-'2 spot' individuals clustered within the 9MGB-'1 spot' sample, but not vice versa.
Assigning individuals to populations when not all of the source populations have been sampled would clearly be meaningless. Here, the assignment of genotypes to one of only two predesignated groups for L. longipalpis from Sobral was validated by the partitioning of the Sobral population using the Bayesian approach. Of more concern in this study is a potential bias due to sample size, where uneven sampling may cause individuals from the bettersampled population to be misassigned to the smaller sample if they have those alleles (Vasquez-Dominguez et al. 2001; Waser et al. 2001) . Misassignment is predominantly due to cembrene-'2 spot' (larger sample) sandflies being assigned to the (smaller) 9MGB-'1 spot' sample. Whether the predominantly unidirectional misassignment is simply an artefact of the assignment test is unclear, but it is notable that the same genotypes were misassigned using partition and further sampling may be required to resolve this issue. Nevertheless, in the scatter plot of assignment indices, the cembrene-'2 spot' sample forms a distinct cluster away from the equal probability line, which suggests that there is infrequent or no interbreeding with 9MGB individuals. In contrast, the cluster of 9MGB genotypes closer to the 45° diagonal, contains a number of misassigned cembrene individuals (8) and cembrene genotypes that lie very near to the diagonal (2), suggesting that they are first-generation offspring between cembrene-'2 spot' and 9MGB-'1 spot' sandflies (see Waser et al. 2001) . This pattern of assignment is consistent with either introgression from the cembrene population to 9MGB population or it may reflect previously shared polymorphisms. However, an alternative explanation suggested by these migrant genotypes is that their phenotypes could have been '13/4 spot' intermediates (therefore producing 9MGB) which were mislabelled as '2 spot' males. This is likely as the genotypes for eight of the 'migrants' consisted of 9MGB private alleles by Hamilton et al. (1996a Hamilton et al. ( ,b, 1999a and Souza et al. (2002) , and the population genetics/molecular evolution of the per and cac genes (Bauzer et al. 2002b; Bottecchia et al. 2002) plus our study provide a firm basis to conclude that the two Sobral L. longipalpis populations are true sibling species. Our study surveying the whole genome very strongly suggests that the basis for this speciation at Sobral are prezygotic mechanisms such as mating choice as guided by the male sex pheromones and their copulation songs (Bauzer et al. 2002a,b; Souza et al. 2002) . Coyne & Orr (1998) have evaluated the relative importance of pre-and postzygotic mechanisms, in allopatric and sympatric speciation in Drosophila. Prezygotic mechanisms were found to predominate over postzygotic barriers in sympatric populations although it is not clear whether this is by reinforcement. The suggestion that premating barriers also operate in allopatric speciation has been shown by a microsatellite-based investigation of field populations of L. longipalpis from a number of Central and South American locations (Watts et al. unpublished) .
This study is promising in that indicates that it may be possible to assign with a great degree of confidence 9MGB individual male and female sandflies to their original population (100% discriminatory power in the assignment test for the pooled 1999 + 2001 samples) and cembrene sandflies with 86% confidence. With more microsatellite markers and a larger sample size, this interesting possibility could be explored for other L. longipalpis populations/ 'species'. This would provide the basis for a female 'molecular identity card' with which to address the question of whether there are epidemiological consequences for the species complex substructuring of L. longipalpis in Brazil and elsewhere.
